Optogalvanic spectroscopy with microplasma sources -Current status and development towards lab on a chip.
Introduction
Optogalvanic spectroscopy (OGS) is the study of atomic and molecular transitions in the ultraviolet, visible and infrared (IR) regimes using the so called optogalvanic effect (OGE) [1] . This effect describes the interaction between an atomic or molecular gas discharge, or plasma, and resonant radiation, typically in the form of a laser beam. When irradiated, the gas absorbs photons at transitions resonant with the laser frequency. This can have one of several effects on the discharge or plasma, where, e.g., an excited atomic state can either favor or inhibit ionization, hence affecting the electron and ion densities in the plasma. If the absorption instead causes the excitation of a higher order rotational or vibrational state in a molecule, collisional de-excitation will affect the temperature of the different plasma species, and hence the electron mobility. Although different in nature, both these processes will affect the impedance of the discharge, which, in one way or another, is the entity measured in OGS.
OGS was a hot topic in the 1970s and 80s [2] [3] [4] , but failed to address any lasting applications apart from being used to study metal ions in hollow cathode discharge tubes [2, 3] . However, with the recent advent of tunable, narrow line-width solid-state lasers such as interband and quantum cascade lasers [7] , IR OGS has started to gain momentum, and has been proposed for applications in as diverse fields as planetary exploration, greenhouse gas monitoring and life science [5] [6] [7] .
One of the major advantages with OGS is that it scales well with miniaturization. Whereas the signal strength in ordinary absorption spectroscopy is linearly dependent on the interaction length between the laser beam and the sample gas, meaning that a smaller instrument inherently will be able to extract less signal from the sample, the signal generation in OGS is fundamentally different and less dependent on the volume of the sample cell [1] . Particularly interesting in this respect are OGS systems that employ Langmuir probes to measure the signal. These only rely on the fraction of sample gas that is present in the sheet of the probe to generate the signal. From this miniscule volume, OGS can extract orders of magnitude stronger signal than an absorption spectrometer [11] . Hence, the OGE in combination with a microplasma source offers a very interesting case for highly miniaturized IR spectroscopy, and can develop into a very promising measurement technique for future micro total analysis systems (µTAS) and lab on a chip (LOC).
During the last couple of years, we have studied such a system employing a stripline split-ring resonator (SSRR) as a plasma source [6] [7] [9] [10] . Here, we report on the latest progress in this endeavor, investigate saturation effects and response times in the plasma, study the linearity of the method, and present a first comparison between the sensitivity of our system and single-pass absorption spectroscopy.
Theory
The theory of OGS is more complicated than that of, e.g, absorption spectroscopy, since the presence of a plasma adds several additional variables, primarily the energy and density of the electrons and ions.
We have put substantial efforts into developing theory for the OGE in a microwave plasma when it is biased to a potential above the equilibrium plasma potential by one of two Langmuir probes [9] . In such a configuration, the optogalvanic signal is measured as a perturbation of the floating potential of the other probe, and it has been shown that both the amplitude and stability of the signal improves rapidly as the bias voltage is increased, up to a point where the biased probe starts to quench the plasma. In this configuration, the optogalvanic signal, U OG , can be approximated by:
where U F is the floating potential of the unbiased probe, πlr 2 is the cylindrical volume of the plasma subjected to a laser beam with intensity I 0 , σ L is the absorption cross section of the photon-molecule interaction, n m is the volume density of excitable molecules, T e is the electron temperature, k B is Boltzmann's constant, e is the charge of an electron, and K is a proportionality constant unique to each transition.
Still, this equation should be regarded as a first order approximation, since several other processes too affect the signal, e.g., collisional excitation of higher order rovibrational states in the molecules [9] . Hence, thorough monitoring of the plasma is required in order to understand its dynamics, and to be able to apply the OGE to spectrometric applications. 
Devices and systems
Through the years, we have employed several different designs, materials and fabrication methods when making our split-ring resonator plasma sources [8] [9] [10] [12] [13] [14] . For example, both microstrip and stripline waveguides have been fabricated on, e.g., silicon and Pyrex, using standard MST processes such as sputtering, electroplating, and wet and reactive ion etching. We now focus on two systems based on milling and bonding of either printed circuit board (PCB) or high-temperature co-fired ceramic (HTCC) alumina, figure 1, employing copper or platinum as conductive material. Moreover, both systems utilize a stripline configuration to improve the electromagnetic compatibility (EMC). The fabrication of PCB and HTCC SSRRs are thoroughly described in [13] and [14] , respectively.
The two types of devices have ring radii between 3.5 and 6 mm, operate at frequencies around 2.6 GHz, and generally require less than 1 W to maintain the plasma. The width of the gap through the ring has been varied between 0.5 and 5 mm, and the interaction length between the laser beam and the sample, i.e. the path length, is typically less than 5 mm.
The SSRRs have been tested in several configurations. For example, the EMC of the stripline concept has been evaluated by the Wheeler cap method [13] , and the dielectric properties of HTCC alumina have been charted at frequencies around 2.6 GHz [14] . Different ways of integrating Langmuir probes in the SSRR have also been investigated [15] . These probes have been made from 25 µm in diameter gold or platinum bond wires and are used to analyze the plasma, and, more importantly, extracting the optogalvanic signal from the detector.
However, most important have been the optogalvanic experiments that have investigated the ability of the SSRR detectors to properly measure the OGE in the microwave plasma. A typical setup for such experiments is shown in figure 2 . The three principal parts of the setup are the optical, fluidic and electrical systems. The optical system has this far relied on tunable, single-mode CO 2 lasers to excite the plasma. The current setup includes two such lasers, one with 12 CO 2 and one with 13 CO 2 wavelengths. A third HeNe laser is used to align the IR lasers to the plasma source. Moreover, only single-pass systems have been investigated, although multi-pass systems and optical cavities have been proposed for future studies [9] . In this paper, we present results obtained using the 12 CO 2 laser, more precisely a Merit SL laser from Access Lasers Inc. Because of the CO 2 lasers, the experiments have focused at spectroscopic studies of pure CO 2 or mixtures of CO 2 and N 2 . Moreover, the experiments have been conducted at pressures in the 10 to 1000 Pa range with ( [12] ) or without ( [5] [6] [7] ) a flow through the SSRR. In this paper, results from both configurations are presented.
Finally, the electronics consists of an RF power supply with tunable frequency and amplification, and a signal detection system, in its simplest form only consisting of an analog-input data acquisition (DAQ) unit [8] , but with the optional addition of a source meter for applying a constant bias voltage to one of the Langmuir probes [6, 9] , and/or -as presented here -a lock-in amplifier. 
Measurements, results and discussion
This far, most of our efforts have been directed towards either improving the SSRR [7, [10] [11] [12] or furthering the understanding of the OGE in a microwave plasma [5, 6] . In this paper, we now explore the spectroscopic performance of the system and compare it with standard absorption spectroscopy. Some important properties in such a comparison are saturation effects and response times in the plasma, the spectral resolution of the measurement, and the stability and reproducibility of the signal.
With respect to saturation, figure 3 shows the dependency of the optogalvanic signal on the laser power. From literature [1] it is known that the signal commonly saturates at high laser power (or high sample concentrations), and figure 3 displays signs of saturation at powers above ~100 mW. From preliminary experiments, we found that even higher laser powers (>1 W) caused continued saturation. However, the saturation behavior of the optogalvanic signal is likely to depend on several other parameters such as the pressure, temperature and composition of the gas, and should be evaluated separately for each experiment. Still, over small power intervals, the optogalvanic signal depended more or less linearly on the laser power, enabling spectrometric measurements. With respect to response time, i.e., the ability of the plasma to respond to laser pulses of different modulation frequencies, the interaction between the laser beam and the plasma must be investigated in more detail. Figure 4 shows the dependency of the optogalvanic signal on the modulation frequency of the laser beam. A signal reduction of about 25% was observed going from 20 Hz to 200 Hz, which was likely explained by the different time scales of the major absorption and deactivation processes in the plasma. In the experiment behind figure 4, the laser was stabilized at the P20 transition of the CO 2 laser, i.e., at a wavelength of 10.6 µm [10] . The most important optical absorption process for such photons in a pure CO 2 plasma is the excitation of sample molecules from the first symmetric to the first asymmetric stretch mode, i.e. from the (100) to the (001) level [16] . This excitation causes a depletion of the (100) level, which is repopulated by either deactivation from the (001) level or by thermal activation from the ground state (000). These processes either heat or cool the plasma, and both have rate constants in the 200-400 s -1 range at pressures relevant to our experiments. The measured waveforms, figure 5 (right), show great agreement with theoretical predictions [17] , and indicate cooling as the principal mechanism, suggesting that the repopulation of the (100) level is the main process driving the generation of the optogalvanic signal in the pure CO 2 plasma.
Waveforms at lower frequencies showed an additional, much slower, heating component, figure 5 (left). It is unclear if this component is spectroscopic in origin, or, e.g., a result of thermal interaction between the laser beam and the device itself. If so, the apparent increase of the signal amplitude at lower frequencies in figure 4 is not optogalvanic in origin, but merely an increasing background. However, this effect needs to be investigated in more detail before any firm conclusions can be drawn.
With respect to resolution, figure 6 shows a measurement of pure CO 2 at 500 Pa, where the cavity length of the gratingless laser was tuned across the voltage range of the piezoelectric position control of its back mirror. This produced an output with a wavelength varying over a total of seven 12 CO 2 Plines in the 10.5-10.7 µm range as verified with a spectrum analyzer. Figure 6 shows that the SSRR detector could detect and separate the different lines with good resolution. For the first time in our experiments, a lock-in amplifier was used for the detection, and given the promising results -especially with respect to signal-to-noise ratio (SNR) -this approach will be investigated further in future experiments. With respect to reproducibility, figure 7 shows a comparison of the precision when the sample is either flowed through the plasma at a constant rate or kept static, i.e. zero flow. The experiments each consisted of a total of five identical measurements on identical samples, although the pressure in the experiment with flow was lower than in that without, and the gas mixtures also were somewhat different. The individual measurements were conducted at different times over a period of three days, where the setup was completely re-initialized between each measurement. The figure shows the distribution of the individual data points after having been normalized to the common average, i.e., the average of all the experiments combined. As can be seen, both experiments showed Gaussian distribution fits, suggesting good reproducibility.
Although the difference in the experiments (pressure, gas mixture, etc.) could be responsible for some of the observed differences in precision, the results presented in figure 7 are indicative of all our experiments with and without flow, where the former consistently generated better reproducibility than the latter. In figure 7 , the full-width-at half-maximum was about 20% more narrow with flow than without. Moreover, in measurements without flow, the reproducibility improved as the size of the instrument was reduced [10] . Hence, reproducibility was favored by miniaturization, probably due to the plasma reaching chemical equilibrium more rapidly in a smaller cell, and the reproducibility in both experiments behind figure 7 was an order of magnitude better than what is usually accomplishable with a macroscopic plasma source [18] .
With regards to stability, figure 8 shows the Allan deviation of a typical measurement after both the laser and the plasma had stabilized [10] . The Allan deviation is a measure of the frequency stability of a system, and can be used to characterize both noise processes and systematic errors such as drift. As can be seen, the signal was stable over time scales of up to 100 s, (turning point of the curve), which means that substantial averaging is possible to improve the SNR. Beyond 100 s drift in the signal will start to become apparent. In order to improve the stability, active frequency stabilization of the laser could be beneficial, indicating that the performance of the SSRR as an OGS detector still has considerable room for improvement. Even though the system is far from optimized, it already performs very well compared to conventional IR spectroscopy. Figure 9 shows a comparison between OGS and single-pass absorption spectroscopy, where the signal difference between a measurement on pure N 2 and one where 225 ppm CO 2 has been added to the N 2 is shown. The pressure in both experiments was 300 Pa. As can be seen, the absorption detector could not distinguish the small amount of CO 2 from the N 2 background. The optogalvanic signal, on the other hand, was clearly distinguishable. Applying averaging and lock-in amplification to this experiment would enable measurements of the CO 2 concentration with good precision and accuracy. This demonstrates the capability of the SSRR detector to extract a strong signal from an extremely limited amount of sample. In the experiment presented in figure 9 , the total amount of carbon inside the sample cell was in the picogram range, which correlates to, e.g., the carbon from a few dozen E. coli bacteria. Hence, it is reasonable to believe that SSRR OGS will become very competitive in applications where the total sample amount is inherently limited, for example in many LOC applications. Equally promising are the results presented in figure 10 , where the dependence of the OG signal on the concentration of CO 2 in N 2 is displayed. The results have been scaled using equation 1, and show that the OG signal depends more or less linearly (R 2 =0.9999) on the CO 2 concentration in a range between 15.6 and 625 ppm. This does not only validate the theoretical framework, but also shows the prospects of using the detector for spectrometric experiments. However, in order to be able to analyze small samples properly, the detector has to be integrated with a microfluidic sample handling system. Based on this, the first steps towards integrating the SSRR with a micro-combustor [19] to enable the study of small, solid samples, are currently being taken in our laboratory. The combustor was made in HTCC alumina, and incorporates a 1 µl combustion chamber with an integrated heater and platinum temperature sensor. Using in-situ electroplating of copper followed by thermal oxidation, a copper oxide layer was added to the heater surface after sintering, to be used as a source of oxygen for combustion (oxidation) of solid samples at temperatures above 800 °C [20, 21] . The amount of oxygen released by the copper oxide could be controlled by varying the thickness of the electroplated layer, where about 0.17 µmol of oxygen, corresponding to a thickness of 400 nm, was enough to combust up to 2 µg of carbon into CO 2 . The function of the combustor has been verified by residual gas analysis, and the combustor will now be integrated with the SSRR.
Moreover, theory suggests that the OGE requires close monitoring of the plasma if it is to be used for spectrometry. Hence, sensors for measuring pressure, temperature (of electrons, ions and neutrals), and flow also need to be integrated into the system. For monitoring the gas pressure between the combustor and the SSRR, a microscale Pirani gauge with an integrated platinum bond-wire sensor element, has been developed [22] . Like the combustor, the pressure sensor was made in HTCC alumina, and consists of a separate cavity connected to the main gas flow channel. The bond wire is freely suspended through the cavity to, e.g., avoid thermal crosstalk with the bulk. The device has been shown to produce an exponential output in the 1.5 to 16 Torr (200 to 2100 Pa) range, exhibiting a sensitivity of about 0.36_Ω/log 10 Torr. Here, the signal from the sensor was defined as the change in resistance of the wire when powered with a 109 mA (rms), 1 kHz sine wave.
Conclusion
The ongoing work on developing a spectrometer using an SSRR microplasma source detector for OGS is reaching a point where actual benchmarking with other spectroscopic techniques can commence. In this paper, a comparison between OGS and single-pass absorption spectroscopy showed that the former technique could measure a clear signal well below the detection limit of the latter. Moreover, a linear response in the 100 ppm range (R 2 =0.9999) was demonstrated, along with a stability of more than 100 s, and good reproducibility, especially in experiments where the sample was flowed through the detector. Building on these results, we now focus our efforts on turning the SSRR spectrometer into a full LOC device.
